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RhoIn Escherichia coli, the canonical intrinsic terminator of transcription includes a palindrome followed by a
U-trail on the transcript. The apparent underrepresentation of such terminators in eubacterial genomes led
us to develop a rapid and accurate algorithm, GeSTer, to predict putative intrinsic terminators. Now, we
have analyzed 378 genome sequences with an improved version of GeSTer. Our results indicate that the
canonical E. coli type terminators are not overwhelmingly abundant in eubacteria. The atypical structures,
having stem-loop structures but lacking ‘U’ trail, occur downstream of genes in all the analyzed genomes but
different phyla show conserved preference for different types of terminators. This propensity correlates with
genomic GC content and presence of the factor, Rho. 60–70% of identiﬁed terminators in all the genomes show
“optimized” stem-length and ΔG. These results provide evidence that eubacteria extensively rely on the
mechanism of intrinsic termination, with a considerable divergence in their structure, positioning and
prevalence. The software and detailed results for individual genomes are freely available on request.
© 2009 Elsevier Inc. All rights reserved.Introduction
Transcription of a DNA template to a RNA transcript is functionally
subdivided into — initiation, elongation and termination [1]. In E. coli
and a few other bacteria studied, termination is achieved by two
mechanisms, employing intrinsic and factor-dependent terminators.
Functionally, if features of the nascent transcript itself can cause
termination in vitro, it is known as intrinsic termination [2,3,4]. On the
other hand, factor-dependent termination employs proteins, notably
Rho [5,6].
Relying on experiments with E. coli, various models have been
proposed [7,8,9,10,11,12,13,14] to explain the mechanism of intrinsic
termination. A typical intrinsic terminator has been shown to consist of
a GC-richpalindromic region followed a stretch of Ton the sense strand.
When transcribed, this results in a RNAwhich has a hairpin followed by
a U-stretch. Several studies indicate that a combinatorial action by both
the hairpin and the U-tract contribute to pausing and termination
[15,16,17,18,19,20,21,22,23]. The stability of the RNA–DNA hybrid is
essential for function of the Ternary Elongation Complex (TEC). It is has
been shown that the U-trail signiﬁcantly reduces the stability of the
hybrid [8,9,13,18] and terminators without a relatively weaker hybrid
usually have a low termination efﬁciency. However, terminators have
been also shown to retain termination efﬁciency in absence of the
U-trail orwhenmanyof theU residues have been deleted [21,22,24,25].gy and Cell Biology, Indian
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mentary Fig. 1A), however, remains the canonical model for an
intrinsic terminator. The large scale sequencing of genomes has
resulted in efforts to develop algorithms to detect intrinsic terminators
acrosswhole genomes [26,27,28,29].Most of these programs identiﬁed
intrinsic terminators based on both the strength of the hairpin and the
weight of the U-trail. Such analysis revealed that Firmicutes and many
other bacteria are highly dependent on intrinsic terminators [30].
Surprisingly, it was also concluded that several bacteria species do not
seem to depend on intrinsic termination [27,31]. However, this was
difﬁcult to explain given that intrinsic termination is certainly an
economical, efﬁcient and, most likely, an ancient regulatory
mechanism. Conservation of intrinsic termination mechanism across
eubacteria is also reinforced by the observations that intrinsic
terminators from E. coli function efﬁciently in other bacteria. To
understand the apparent anomaly, as towhy several groups of bacteria
would select against this mechanism, and also obtain a better insight
into transcription termination, we developed a program called GeSTer
(Genome Scanner for Terminators) to identify intrinsic terminator
structures across whole genomes [24,32,33]. The exponential increase
in whole genome data has now allowed us to analyze 378 genomes,
spanning several prokaryotic phyla using the improved version of
GeSTer. Our results reveal the occurrence of varied types of terminator
structures downstream of many experimentally veriﬁed operons in
diverse groups of bacteria. Further, different bacterial phyla show
preference for different types of intrinsic terminators and this
propensity is correlated with genomic GC content and the presence
of the Rho factor.
Table 2
GeSTer-identiﬁed terminators downstream of known/experimentally identiﬁed
operons/transcription units in representative eubacteria.
Species Operon ΔG L/I-shaped Referencesa
Caulobacter
crescentus
xyl −24.6 L Stephens et al, 2007
groEL −24.2 L Avedissian and
Lopes Gomes, 1996
hcrA-grpE −21.9 I Roberts et al., 1996
cheE −27.4 I Jones et al., 2001
rsaDE −27.2 I Toporowski et al., 2005
Helicobacter
pylori
(strains J99
and 26695)
jhp 1395 −14.3 I [27]
HP0207 −12.4 I [34]
HP0842 −9.7 I [34]
Salmonella
typhimurium
sapABCDF −13.8 I Parra-Lopez, et al., 1993
opp operon −15.9 L Hogarth and Higgins, 1983
dpp operon −32.8 I Elliott, 1993
csg operon −18.6 L Romling et al., 1998
fru operon −13.3 L Geerse et al., 1989
Streptomyces
avermitilis
nuo operon −38.2 I Ikeda et al., 2003
rrnA3 operon −32.3 L Ikeda et al., 2003
Mycobacterium
tuberculosis
tuf −49.6 L [24]
Rv 1324 −57.9 I [24]
E. coli K12
MG1655
mhpABCDFE
operon
−31 I Ferrandez et al., 1997
ﬂg operon −18.6 L Blattner et al., 1997
carAB operon −14.1 L Blattner et al., 1997
araBAD operon −12.9 L Schleif, 2000
nagBACD operon −20 I Plumbridge, 1989
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Identiﬁcation of potential terminators across Eubacteria
The GeSTer program was used to evaluate a large sample of 378
eubacterial genome sequences representing most of the eubacterial
phyla. The complete non-redundant list of bacteria analyzed includes
313 species (Table 1, Supplementary Table 1), resulting in one of the
largest databases of intrinsic terminators available to date. For several
bacterial species, many strains have been analyzed (eg., E. coli, Bacillus
anthracis, Pseudomonas syringae, Staphylococcus aureus) (Supple-
mentary Table 2). Given the large sample size, and the diversity of
prokaryotic genomes sequenced till date, it gives an opportunity to
delve into the occurrence, distribution and evolution of intrinsic
terminators.
Potential terminators identiﬁed by GeSTer are grouped by the
program into different types based on the different structural features
(as described in Materials and methods and Supplementary Fig. 1).
Moreover, all palindromic structures identiﬁed by GeSTer are
subjected to a species-speciﬁc ΔGcut off. The complete set of potential
terminators (“All”) was compiled for each organism. From this, the
most stable structure downstream of each gene was designated to be
the “Best” terminator (Table 1 and Supplementary Table 1). The total
number of terminators identiﬁed in 313 species is 447820. Of these,
331271 are candidates for “Best” structures (Supplementary Table 1).Table 1
Frequency of occurrence of different types of intrinsic terminators identiﬁed in
representative eubacteria.
Species Genes Alla Bestb Best/genes %Lc %Id
Acinetobacter baumannii 3420 2651 2043 59.74 69.35 30.64
Agrobacterium tumefaciens 2759 1328 1002 36.32 40.42 59.58
Anabena variabilis 5097 2999 2217 43.5 46.41 53.59
Bacteroides fragilis 4275 1620 1293 30.25 66.9 33.1
Biﬁdobacterium adolescentis 1699 999 724 42.61 50.28 49.72
Bordotella pertusis 3488 2444 1515 43.43 15.84 84.16
Borrelia garinii 867 245 176 20.3 67.61 32.39
Bradyrhizobium japonicum 8316 4606 3042 36.58 18.51 81.49
Burkholderia malleii 5089 4738 2553 50.17 13.47 86.53
Campylobacter fetus 1768 490 382 21.61 65.97 34.03
Clostridium perfringens 2784 1714 1288 46.26 86.88 13.12
Chromobacter violaceum 4528 2581 1797 39.69 30.38 69.62
Corynebacterium diphtheriae 2339 1053 805 34.42 57.39 42.61
Coxiella burnetii 2060 809 557 27.04 31.78 68.22
Enterococcus faecalis 3191 1719 1290 40.43 82.33 17.67
Escherichia coli HS 4492 2558 1898 42.25 49.26 50.73
Gleobacter violaceus 4477 1458 1128 25.2 23.4 76.6
Gluconobacter oxydans 2493 1096 810 32.49 33.83 66.17
Lactobacillus acidophilus 1937 1066 828 42.75 87.56 12.44
Legionella pneumophila 2993 1176 914 30.54 47.37 52.63
Listeria monocytogens 2930 1537 1252 42.73 89.22 10.78
Mycobacterium ulcerans 4206 1781 1321 31.41 11.28 88.72
Mycoplasma gallisepticum 764 297 201 26.31 88.06 11.94
Neisseria gonorrhoeae 2068 1275 955 46.18 61.15 38.85
Nocardia farcinica 5744 3276 2228 38.79 8.3 91.7
Pasteurella multocida 2091 1179 923 44.14 80.72 19.28
Psudomonas putida 5445 2378 1879 34.51 23.68 76.32
Rhodobacter sphaeroides 851 449 307 36.08 15.31 84.69
Salmonella enterica 4546 2427 1828 40.21 43.16 56.84
Shigella ﬂexneri 4299 2425 1790 41.64 48.1 51.9
Staphylococcus aureus 2588 1459 1053 40.69 83 17
Streptococcus mutans 2039 877 668 32.76 77.25 22.75
Streptomyces avermitilis 7662 5035 3363 43.89 10.59 89.41
Synechococcus elongatus 2575 833 680 26.41 40.59 59.41
Treponema denticola 2816 1210 808 28.69 56.44 43.56
Vibrio ﬁscheri 3900 2522 1980 50.77 82.3 17.7
Xanthomonas oryzae 4139 2010 1456 35.18 17.31 82.69
Yersinia pestis 3984 2078 1590 39.91 51.89 48.11
a “All” represents total structures identiﬁed in a genome. b “Best” denotes the strongest
structure downstream of coding region. Best/genes is numerically identical to
percentage of genes that have an intrinsic terminator downstream of the stop codon.
c %L and d %I are percentage of Best structures that are L- or I-shaped.
sdhCDAB operon −23.7 I Blattner et al., 1997
sucABCD operon −22.9 L Blattner et al., 1997
tyrR −21.1 L Blattner et al., 1997
his operon −14 L Blattner et al., 1997
gyrA −15 I Blattner et al., 1997
cpsBG operon −16.5 I Blattner et al., 1997
nadB −16.6 I Flachmann et al., 1988
tuf −12.8 L Johanson and Hughes, 1992
yjjQ-bglJ operon −15.4 L Stratmann et al., 2008
a Details of all references provided in this table are listed in the Supplementary
material.Thismeans that out of a total of 929730 genes studied here, 35.6% have
an intrinsic terminator downstream of the coding region. This number
is actually an under representation. The actual number of genes
dependent on intrinsic terminationmust be higher than this value due
to the operonic arrangement of genes in eubacteria. Amongst all the
identiﬁed “Best” potential terminators (see Materials and methods,
Supplementary Fig. 1), 46.5% are L-shaped (with a U-trail), while the
remaining terminators are I-shaped and without a U-trail (Supple-
mentary Fig. 2, Table 1 and Supplementary Tables 3A–F). TheU-shaped
(tandem) terminators make 9.2% of all observed structures. The other
two classes of terminators are of relatively rare occurrence in all the
genomes analyzed so far (Supplementary Tables 3A–3F). X-shaped
structures make up around 4% of all structures identiﬁed while the
V-shaped are the rarest (0.1%).
Validation of GeSTer prediction
To validate the results obtained, we analyzed the experimentally
identiﬁed operons and transcription units across several eubacteria to
see if GeSTer-identiﬁed structures occurred downstream of such
operons. The representative results (Table 2) show that several
operons from diverse species such as Caulobacter crescentus, E. coli,
Helicobacter pylori, Mycobacterium tuberculosis, Salmonella typhi-
murium, Streptomyces avermitilis, etc indeed have GeSTer-identiﬁed
terminators at their 3′ end. We also note that a number of such
operons end with an I-shaped structure. It is noteworthy that even in
the prototypical E. coli, the “Best” structures identiﬁed downstream of
many operons (eg., nagBACD operon, cpsBG operon) lack U-trails. A
terminator devoid of the U-trail has been shown to function in E. coli
[21] and such I-shaped terminators have also been shown to be
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[34]. These results validate that canonical and variant stem–loop
structures are abundant across eubacteria and are necessary to
achieve transcription termination. Apart from functioning as intrinsic
terminators, some of the I-shaped structures could function as Class I
pause signals and cause fraying or hypertranslocation of the
elongation complex [35]. Pausing induced by such structures could
cause a “slowing down” of the RNA polymerase and thus facilitate
factor-dependent termination. Protection against 3′-5′ exonucleases
could be another function of such structures [36].
GeSTer is as efﬁcient as other published algorithms such as
TransTerm. TransTerm achieves speciﬁcity and sensitivity of 93% and
a false positive rate of 6%[29]. GeSTer gives similar values — false
positive rate of 5–10% and false negative rate of ∼10%. These values
are also at par with those obtained when predicting terminators for
B.subtilis and other Firmicutes [30]. However, it is noteworthy that
the prediction by other programs is sensitive to such high degree
only for bacteria that have the canonical, L-shaped terminators. In
contrast, GeSTer efﬁciently predicts variant terminator structures in
many genomes which are overlooked by other algorithms.
Intrinsic terminators are uniformly distributed over bacterial genomes
The program TERC (TErminators Represented in Circle) was used
to analyze the distribution of intrinsic terminators in eubacterial
genomes. TERC shows the distribution in a circular schematic of the
genome, using the coordinates of positions of terminators obtained
from the GeSTer output. The start sites of GeSTer-identiﬁed “best”
intrinsic terminators are plotted on a circular graph, that represents
the genome. The results for 6 representative species are shown
(Supplementary Fig. 3). In general, genes on both strands employ
intrinsic terminators and there is no strand-speciﬁc bias with respect
to occurrence. In the E. coli genome, both L- and I-shaped
terminators seem to be uniformly distributed (Supplementary
Fig. 4) and there are no clusters where only one shape of terminatorFig.1.Differential preference for intrinsic terminator shapeds in eubacterial phyla. The results
from (A) Firmicutes (n=54) (B) Actinobacteria (n=28), (C) α-Proteobacteria (n=39), (D
obtained by dividing the sum of “Best” structures (L-shaped or I-shaped) with total number
obtained by dividing the sum of “All” structures with total number of “All” structures in theis predominant. In contrast, analysis of genomes of S. aureus MRSA,
Listeria monocytogenes and Thermoanaerobacter tengcongensis show
a concentration of the structures in half the length of each DNA
strand of the genome (Supplementary Figs. 3C, E, F). This is because
there is an identically skewed distribution of genes in these
genomes, and the positions of terminators actually mirror that of
genes, both in the gene-rich as well as in the gene poor regions. All
genomes analyzed with TERC show a few “gene islands” where no
terminator structure is present. The genes in such regions could be
dependent on Rho-mediated termination.
Bacterial phyla showpreference for different shapes of intrinsic terminators
We have analyzed the preference for a particular shape of intrinsic
terminator in a given eubacteria phylum. The representative eubac-
terial phyla studied are the Firmicutes, Actinobacteria, α-Proteobac-
teria and β-Proteobacteria (Fig.1, Supplementary Tables 3A–3F). While
80% of all intrinsic terminators identiﬁed in Firmicutes are of the L-
shaped, the Actinobacteria employ such terminators to a lower degree
(only ∼25% of “best” structures). The majority of intrinsic terminators
in Actinobacteria, are I-shaped; for eg., all 17 mycobacterial genomes
[33] (Supplementary Table 3B) sequenced till date show a high
propensity of I-shaped terminators.α- and β-Proteobacteria also show
high preference for I-shaped terminators. The preference for L- or I-
shaped terminators was statistically signiﬁcant between Firmicutes
and Actinobacteria and Firmicutes and β-proteobacteria. However, in a
few genera, the preference for a particular shape of terminator is not
observed. For instance, around 59% of total terminators identiﬁed in
Corynebacterium diphtheriae and Corynebacterium glutamicum are of
L-shape. In contrast, the closely related Corynebacterium efﬁciens and
Corynebacterium jeikeium show a much lower prevalence (37%) for
L-shaped terminators (Supplementary Table 3B). Similarly, the L- and
I-shaped terminators are equally present in the genomes of Rickettsia
prowazekii and Rickettsia typhi, while other Rickettsia species show a
preference for the I-shape (Supplementary Table 3C).shown here are for themean and standard deviation for L-, I- and U-shaped terminators
) β-Proteobacteria (n=20). % occurrence of L-shaped and I-shaped terminators was
of “Best” structures in the sample. % occurrence of U-shaped (tandem) terminators was
sample.
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U-shaped, but certain organisms such as Burkholderia and Rickettsia
species show a higher preference (up to 17%).
Correlation between the intrinsic terminator and genomic GC content
To study if there is any correlation between the prevalence of a
certain type of terminator in an organism with any other genomic
parameter, the preference for I-shaped (or L-shaped) terminators was
analyzed against genomic GC content. There is a correlation between
genomic GC content of the bacteria and its preference for I-shaped
terminators (Supplementary Fig. 5). The fraction of I-shaped termi-
nators increases with genomic GC content. Bacteria with high GC
content, such as genus Mycobacterium, have an overwhelming
majority of I-shaped terminators. In contrast, eubacteria having low
GC content genomes, in general, have a preponderance of L-shaped
terminators, well exempliﬁed by Firmicutes (Supplementary Table 3B).
Genomes with a GC% in the intermediate range showed equal
preference for both kinds of terminators.
However, besides genomic GC content, transcription elongation
rate and evolution of RNA polymerase subunits [37] and auxiliary
proteins are also likely to be determinants of the type of terminator
selected in a given organism. The indirect relationship between GC
content and terminator shape seems more plausible in the light of the
fact that preference for I-shaped terminators varies widely amongst
organismswith a similar GC content. Recent studies indicatemultiples
roles for the nascent hairpin in — destabilizing the upstream end of
the DNA–RNA hybrid, preventing addition of NTP by blocking
translocation at the active site of RNA polymerase and hindering
interaction between nascent transcript and the polymerase. Thus, the
hairpin traps the RNA polymerase in a thermodynamically weak
situation[18] and also causes conformational changes in the RNA
polymerase[8].Organisms with higher transcription rate may have a
preference and prevalence of L-shaped structures, as both the stem–
loop and the U-trail are needed to cause efﬁcient pausing and
dissociation of the rapidly advancing elongation complex. In contrast,
in organisms likeM. tuberculosis, with slower elongation rate [38], the
stem–loop structure alone would have sufﬁcient time to form in the
RNA polymerase exit channel even in absence of a U-trail. In
support to this idea, a mutant E. coli RNA polymerase which has a
slower transcription rate can terminate efﬁciently on I-shaped
terminators [12,39].
Variation in position of terminator structure with respect to the stop codon
Formanybacterial genomes, terminator structures are concentrated
within 50 bp of the stop codon (Supplementary Fig. 6). Furthermore,
the “Best” (or strongest) structures show a more dramatic peak. The
observed clustering of terminators immediately downstream of the
stop codon indicates a scenario where the Ternary Elongation Complex
(TEC) is halted soon after it has crossed the stop codon. The occurrence
of large number of terminators around 50 bp after the stop codon
indicates that the position of terminators is not a randomphenomenon.
If the positioningwas only a function of GC content, terminators would
have been observed over the entire downstream region. This clustering
also has a functional signiﬁcance as it would prevent unnecessary
“wastage” ofNTPs, result in faster recyclingof the TEC and could also aid
in closer packaging of genes in the genome. We further conﬁrmed this
by shufﬂing six representative complete genome sequences and then
determined their terminator proﬁle (Supplementary Fig. 7, Supple-
mentary Table 4). In all the cases, the number of terminators identiﬁed
was much lower compared to the “wildtype” unshufﬂed genome
sequence. Also, the clustering of terminators was lost in case of the
shufﬂed sequences. The results show that terminator distribution is a
non-random process and the sequences which transcribe into
terminator structures have been selectively “positioned” downstreamof the genes to cause termination. To validate the observation further,
t-test was performed to compare the average around the peak and
that of the−190 to−200 bp region (with respect to stop codon) and
was found to be statistically signiﬁcant [24].
An “optimized” hairpin structure for terminators
Several parameters of an intrinsic terminator inﬂuence its termina-
tion efﬁciency. The stability of the stem–loop structure (as given by its
ΔG) is one such important criteria. A stronger structure (more negative
ΔG value) is more likely to cause efﬁcient pausing and termination. In
contrast, a weaker terminator (less negative ΔG value) will probably
result in increased read-through by the elongation complex. In the
GeSTer results, a genome-speciﬁc ΔGcut off is used. Structures, which
have aΔGmore negative than thisΔGcut off value, are only considered to
be functional terminators.When the GeSTer-identiﬁed terminators of a
genome were sorted as per their ΔG, it was seen that more than 70%
identiﬁed terminators had ΔG values only slightly more negative than
the ΔGcut off. Thus, irrespective of the species, 70–85% of the identiﬁed
“best” structures had ΔG≤−25 kcal/mol (Fig. 2). Moreover, most
terminators identiﬁed downstream of known operons/transcription
units in various eubacteria (Table 2) have a ΔG in this range. A similar
analysis of the identiﬁed terminators based on the stem-length of the
hairpin showed that 60–70% had a stem-length of 6–13 bp
(Supplementary Fig. 8). In case of the well characterized λtR2
terminator, studies on the effect of the stability of the RNA hairpin on
termination efﬁciency (TE) have shown that the optimal hairpin for
maximizing TE has a stem of 8–9 bp [17]. An optimized hairpin would
ﬁt into the main channel of RNA polymerase [8], and freeze the TEC
by inducing DNA bubble collapse, resulting in disruption of the
hybrid and preventing translocation at active site[18]. Thus, it appears
that shorter or longer stems would be inefﬁcient for the sequential
interaction during the termination process. Since there is likely to be
a continuous selection in favour of densely packed bacterial genomes,
it would be advantageous for cells to evolve intrinsic terminators
which are encoded by smaller genomic regions, but nevertheless are
functionally efﬁcient. In addition, stem-length could have been
constrained and optimized by its interaction with RNA polymerase.
Additional factors such as Rho, NusA and NusG could contribute to
increase the efﬁciency of the terminators.
Relationship between intrinsic terminators and termination factor Rho
Genes that are not terminated by intrinsic mechanism, probably
employ Rho-dependent transcription termination. Rho homologues
have been identiﬁed in many eubacteria. However, the requirement
and consequently cellular levels of Rho vary from species to species.
To understand if there was any relation between Rho and intrinsic
terminators, we analyzed eubacterial genomes for presence of rho
gene. Out of a representative sample of 186 bacteria, 31 species did
not have an identiﬁable rho homologue (Mitra et al., unpublished
observations). The bacteria included all the Mollicutes as well as
Lactobacilli, Cyanobacteria and Streptococcus species. Intriguingly,
most of the bacteria which lack rho also show a preference for L-
shaped intrinsic terminators (average 65.7% of total) and a low
genomic GC content (average 38.03%) (Supplementary Fig. 9 and
Supplementary Table 5). Moreover, most of these bacteria seem to
have less genes (average number of 1893 genes compared to the
average number of 2998 genes for 255 species). Mollicutes, which are
related to Bacillus, could have dispensed off with Rho at a latter date
when they established an endosymbiont life cycle. Whether the
functional importance of Rho becomes greater as the GC content
and/or the number of genes increases in a genome is a point that
needs additional experimentation and datasets. In this context,
previous studies have revealed low in vivo termination efﬁciency in
case of a particular I-shaped terminator [21]. Although Rho requires
Fig. 2. Distribution of identiﬁed intrinsic terminators as per their ΔG in representative eubacteria. The abscissa denotes the ΔG (kcal/mol). The ordinate denotes fraction of total
number of “Best” structures in that species.
114 A. Mitra et al. / Genomics 94 (2009) 110–116C-rich unstructured RNAs for efﬁcient loading, it may also load onto
RNAs without these canonical features with lesser efﬁciency. If such
“rho-loading” sequences are present in the vicinity of I-shaped
terminators, they could facilitate termination.
Conclusions
The analysis with GeSTer reliably focuses on the differences in
structure and functional dependence on intrinsic terminators over a
large and diverse sample of bacterial genomes. Our results show that
the unifying feature of the identiﬁed intrinsic terminators is the stem–
loop structure. Canonical and variant terminators are extensively used
across eubacteria. The usage of alternate intrinsic terminators is
indicative of the diversity and evolution of non-coding regulatory
sequences across eubacteria. Structural variants of terminators have got
selected in different bacterial species. The selection of terminator
shapes and their distribution is likely to have been inﬂuenced by
parallel evolution of RNA polymerase subunits and factor-dependent
termination. Other factors such as transcription elongation rate,
genomic GC content and growth rate have also probably dictated thepreference for terminator shapes in the context of a particular genome.
GeSTer-identiﬁed terminators occur downstream of operons and
transcription units in several bacteria. Thus, our results can also be
used to predict and validate one end of operons across bacterial species.
An example of such application is in the case of the Streptomyces
coelicolor genome [40].
At a whole genome level, transcription terminators function to
compartmentalize gene expression. Terminators act as roadblocks for
the TEC and thus modulate the expression of genes that are physically
adjacent to each other on the genome sequence. Formany terminators,
the hairpin and the U-trail are both important for efﬁcient pausing and
termination. In caseswhere the U-trail is dispensable, sequences distal
to the termination site can functionally complement the U-trail's role
in causing termination [8,41]. However, several algorithms developed
to identify intrinsic terminators recognize only E. coli type (L-shaped)
terminators. Thus, analysis of genomes from a variety of species that
showa lesser dependence on L-shaped terminatorsmayhave led to the
conclusion that Rho-dependent termination is more active in such
species. Further, in those organisms, such as the cyanobacterium
Synechocystis, where a rho homologue is absent and L-shaped
115A. Mitra et al. / Genomics 94 (2009) 110–116terminators are underrepresented, existence of alternate termination
mechanism has been proposed [27,31]. Our data, by bringing into
account the various structures that can function as intrinsic termina-
tors, reexamines the paradigm and emphasizes the view that intrinsic
termination is a successfully evolved mechanism and hence widely
used in the eubacteria domain.
Materials and methods
Identiﬁcation and computational analysis of intrinsic terminators from
whole genome sequences
A typical intrinsic terminator has a double-stranded stem and a
central, unpaired bulb. Symmetric and asymmetric unpaired regions
in the stem, termed mismatches and gaps respectively, can also occur
in a terminator. The sequence downstream of the hairpin is important
in some cases. GeSTer identiﬁes palindromic structures downstream
of the genes, and calculates their stability, distribution, and the nature
of trailing sequences and adjacent structures. Terminators are
identiﬁed using both the ΔG and the permitted lengths of the
structural features. Qualitative data fromexperimentally characterized
intrinsic terminators has been used to set the default parameters
incorporated into GeSTer.
The mode of operation of GeSTer is as follows — ﬁrst, whole
genome sequences in the GenBank format [42] are segregated into
coding, upstream and downstream regions. Next, palindromic
sequences in the −20 to +270 nucleotide region with respect to the
stop codon, are identiﬁed. The search is however stopped before
entering the coding region of the downstream gene. Subsequently, all
potential structures are computed, and the one with the lowest ΔG is
considered. The search is then repeated. Finally, a ΔGcut off ﬁlter is used
to select the ﬁnal set of structures. This ﬁlter is based on the genomic
GC content of bacteria and characteristics of structures in the
upstream region. It must be noted that there is species-speciﬁcity to
the basal ΔG of non-coding regions of genomes. It is also strongly
correlated to the genomic GC content. The best linear regression ﬁt
corresponds to the Eq. (1),
ΔGdownstream = − 0:294 × kGCð Þ + 4:411: ð1Þ
Selection by GeSTer has been optimized such that there is
minimum identiﬁcation of structures that are present upstream of
genes. Pure upstream regions, which occur between two divergently
transcribed genes, were identiﬁed for this purpose. The optimized
ΔGcut off is derived by iteratively weighting ΔGdownstream such that
separation between upstream and downstream structures is
maximized. The weight parameter is given by dividing the optimal
ΔG for E. coli with ΔGdownstream for E. coli.
Thus, for any bacterial genome, the ﬁnal ΔGcut off is given by,
ΔGcut off = 12= 10:5ð Þ × −0:294 × kGCð Þ + 4:411½ : ð2Þ
The speciﬁcity of GeSTer was determined by analyzing all the
experimentally tested terminators. To elaborate further, using the
latest criteria [43], we analyzed whether GeSTer could generate an
identical or similar structure as has been deduced from genetic or
biochemical studies. The terminators used for this analysis are from
the references [25,26,44,45]. With these parameters, GeSTer could
identify 85–92% of known terminators in various sequences. The use
of a species-speciﬁc ΔGcut off resulted in b10% false negatives, but
importantly prevented identiﬁcation of many false positives across
genomes. After optimization of the ΔGcut off, there were N10-fold more
terminators identiﬁed in the downstream region compared to the
pure upstream regions, Assuming that all the “pure” upstream
structures are incorrect (which may not be) we can then assume
that the algorithm might also be detecting a similar number ofincorrect structures in the downstream region. This gave us a false
positive rate of 5–10% depending on the genome under consideration.
The genomic location, sequence, structural parameters, distance
from stop codon and genomic distribution of the potential terminator
structures can be obtained from the output. GeSTer classiﬁes the
identiﬁed terminator structures based on the sequence of the trail
following the hairpin, and position of adjacent structures (Supple-
mentary Fig. 1). Terminators identiﬁed, using these criteria, are
classiﬁed into different types depending on whether a U-trail is
present or absent and the presence and spatial arrangement of
adjacent stem-loop structures. They are thus classiﬁed into 1) L-
shaped/E. coli type, where N3 Us following the stem–loop structure,
2) I-shaped (Mycobacterium type), in which case b3 Us in the 10nt
strech follow the stem–loop, 3) Tandem/U-shaped, when 2 or more
structures occur within 50 nucleotides of each other downstream of
the same gene, 4) V-shaped, when a stem-loop structure immediately
precedes another with no intervening sequence, and 5) X-shaped/
Convergent, which occur between convergently oriented genes on the
two strands. Most identiﬁed terminators are symmetrical and could
potentially work in either orientation.
The source code is Visual Basic. The program runs in all available
Windows environment (Windows 97, 98, 2000, XP). The front end is
user-friendly and most parameters (such as stem-length, loop,
number of mismatches and distance from stop codon), although set
to default, can be modiﬁed by the user. The default values are 4–30 bp
for the stem-length, 3–9 nucleotides for the loop and a maximum of 3
nucleotides in amismatch or gap. Outputs are generated as graphs and
tab-limited text ﬁles. Individual structures can also be viewed
graphically. In addition, the new version of GeSTer (GeSTer 2.3) is
ﬂexible to accommodate minor variations in the GenBank format of
input genome sequences. Besides, some details about the genes (such
as, gene name, coordinates of genes and terminators) are now
available in the output ﬁle, making it more user-friendly and
facilitating analysis about their terminator proﬁles. Two separate
output ﬁles (called “weakpalinsreg.dat” and “weakpalinscomp.dat”)
have been created which include all the palindromic structures, which
were computed but did not meet the genomic ΔGcut off. Nevertheless,
they could be important in the analysis.
For studying the distribution of identiﬁed intrinsic terminators in
the whole genome, a PERL-based program, TERC (Terminators
Represented in Circle) was constructed. On a circular template
representing the genome, the coordinates of the positions of all of
the identiﬁed L- and I-shaped terminators, as given by the GeSTer
output, was plotted, followed by the positions of genes using the
nucleotide coordinates of start codons from the GenBank ﬁle.
All genomic sequences used in the present study have been
downloaded from the genome database of the National Center for
Biotechnology Information, ftp://ftp.ncbi.nih.gov/genomes/Bacteria
[42]. Shufﬂing of entire genome sequences was carried out using a
PERL-based program. Shufﬂed genome sequences were then analyzed
by GeSTer. Analysis of ΔG and stem-length of terminators and was
done using Microsoft Excel 2003. Student's two-tail t-test was carried
out to ascertain the signiﬁcance of the differential preference for
different types of terminators by bacterial phyla. Graphs were plotted
using GraphPad Prism software.
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